The retinoblastoma family of proteins including pRB, p107 and p130 undergoes cell cycle dependent phosphorylation during the mid-G1 to S phase transition. This phosphorylation is dependent upon the activity of cyclin D/cdk4. In contrast to pRB and p107, p130 is phosphorylated during G0 and the early G1 phase of the cell cycle. We observed that p130 is speci®cally phosphorylated on serine and threonine residues in T98G cells arrested in G0 by serum deprivation or density arrest. Identi®cation of the phospho-serine and phosphothreonine residues revealed that most were clustered within a short co-linear region unique to p130, de®ned as the Loop. Deletion of the Loop region resulted in a change in the phosphorylation status of p130 under growth arrest conditions. Notably, deletion of the Loop did not aect the ability of p130 to bind to E2F-4 or SV40 Large T antigen, to induce growth arrest in Saos-2 cells, and to become hyperphosphorylated during the proliferative phase of the cell cycle. p130 undergoes speci®c G0 phosphorylation in a manner that distinguishes it from pRB and p107. Oncogene (2000) 19, 5116 ± 5122.
The retinoblastoma family of proteins including pRB, p107 and p130 undergoes cell cycle dependent phosphorylation during the mid-G1 to S phase transition. This phosphorylation is dependent upon the activity of cyclin D/cdk4. In contrast to pRB and p107, p130 is phosphorylated during G0 and the early G1 phase of the cell cycle. We observed that p130 is speci®cally phosphorylated on serine and threonine residues in T98G cells arrested in G0 by serum deprivation or density arrest. Identi®cation of the phospho-serine and phosphothreonine residues revealed that most were clustered within a short co-linear region unique to p130, de®ned as the Loop. Deletion of the Loop region resulted in a change in the phosphorylation status of p130 under growth arrest conditions. Notably, deletion of the Loop did not aect the ability of p130 to bind to E2F-4 or SV40 Large T antigen, to induce growth arrest in Saos-2 cells, and to become hyperphosphorylated during the proliferative phase of the cell cycle. p130 undergoes speci®c G0 phosphorylation in a manner that distinguishes it from pRB and p107. Oncogene (2000) 19, 5116 ± 5122.
Keywords: p130; G0; growth arrest; pRb The retinoblastoma family of proteins includes pRB as well as the related proteins p107 and p130 also known as pRb2 and Rbr-2 (Ewen et al., 1991; Friend et al., 1986; Hannon et al., 1993; Li et al., 1993; Mayol et al., 1993) . pRB was identi®ed as a tumor suppressor gene deleted or mutated in childhood retinoblastomas as well as in a wide-variety of adult cancers (Friend et al., 1986) . In addition to mutation, pRB can be inactivated by binding to the viral oncoproteins Adenovirus E1A, SV40 large T antigen or HPV E7 (DeCaprio et al., 1988; Dyson et al., 1989b; Whyte et al., 1988) . These viral oncoproteins bind to pRB through the transforming LxCxE motif. p107 and p130 were ®rst identi®ed as cellular proteins that could bind to the LxCxE motif of the viral oncoproteins (Cobrinik et al., 1993; Dyson et al., 1989a; Ewen et al., 1989; Harlow et al., 1986) . p107 and p130 are speci®cally inactivated by SV40 large T antigen during viral-mediated cellular transformation (Christensen and Imperiale, 1995; Stubdal et al., 1997; Wolf et al., 1995; Zalvide and DeCaprio, 1995; Zalvide et al., 1998) . Although the role of p107 and p130 in tumor suppression is less clear than that of pRB, there are several examples where loss of activity is correlated with oncogenic transformation. Inactivating mutations of p130 have been reported in human cancers (Cinti et al., 2000; Claudio et al., 2000a, b; Helin et al., 1997) . In addition, disruption of pRB and p107 in a knockout mouse model predisposed to retinoblastoma while loss of pRB alone did not (Robanus-Maandag et al., 1998) .
All three members of the pRB family undergo cell cycle dependent phosphorylation Mayol et al., 1995 Mayol et al., , 1996 Xiao et al., 1996) . Upon entry into the cell cycle, pRB, p107 and p130 become hyper-phosphorylated. Cyclin D/cdk4 participates in the phosphorylation of all three pRB family members during the mid-G1 to S phase transition (Claudio et al., 1996; Hinds et al., 1992; Mayol et al., 1995; Xiao et al., 1996) . Cyclin E/cdk2 and cyclin A/ cdk2 may also participate in serial phosphorylation of pRB family members after cyclin D/cdk4 dependent phosphorylation has occurred (DeCaprio et al., 1992; Kitagawa et al., 1996; Ko et al., 1993; Lundberg and Weinberg, 1998) .
In contrast to the cell cycle dependent phosphorylation, pRB and p107 are not phosphorylated in G0 and early G1 while p130 alone is phosphorylated (Mayol et al., 1995; . p130 appears as two distinct phosphorylated forms in cells cultured under serum starved or contact inhibited conditions. Furthermore, p130, but not pRB or p107, is phosphorylated in terminally dierentiated cells and animal tissues (Garriga et al., 1998) . Upon entry into the cell cycle, the G0/early G1 phosphorylated forms of p130 disappear and a third, hyper-phosphorylated form appears coincident with the hyperphosphorylation of pRB and p107. The G0/early G1 phosphorylation of p130 can be observed when little if any cyclin D/cdk4 activity is present (Mayol et al., 1995) . Given that p130 may be an important tumor suppressor, perhaps in a manner distinct from pRB, we sought to characterize the apparently unique phosphorylation of p130 during growth arrest conditions.
To investigate the phosphorylation state of p130, the human glioblastoma cell line T98G was used due to its ability to undergo cell cycle arrest in response to serum deprivation and contact inhibition (Pollack et al., 1990; Stein, 1979) . When T98G cells were cultured in medium without added serum for 3 days, 94% of the cells were in the G0/G1 phase of the cell cycle as determined by FACS analysis of DNA content ( Figure  1a , lane 1). When extracts prepared from these cells were Western blotted, p130 appeared as a doublet corresponding to forms 1 and 2. In contrast, when the serum-starved cells were stimulated to re-enter the cell cycle by addition of 20% serum to the medium for 20 h, forms 1 and 2 disappeared and form 3 appeared (lane 2) (Mayol et al., 1995) . When T98G cells were subjected to density arrest by culturing to a con¯uent state in complete medium containing 10% serum for 7 days, p130 appeared as form 1 and form 2 (lane 3).
To con®rm whether forms 1, 2 and 3 of p130 were phosphorylated, metabolic labeling of serum-starved and serum-stimulated cells with [ 32 P]-orthophosphate was performed. Lysates prepared from these cells were immunoprecipitated for p130. The corresponding autoradiograph demonstrated that forms 1 and 2 were radiolabeled in serum-starved cells (Figure 1b , lane 1) and form 3 in serum stimulated cells (lane 2). To determine the residues that were phosphorylated for each of the three forms, phospho-amino analysis of forms 1, 2 and 3 was performed. As demonstrated in Figure 1c , forms 1, 2 and 3 each contained predominantly phospho-serine. In a repeat of this experiment, form 2 contained a small amount of phospho-threonine relative to phospho-serine (approximately 1 : 10 ratio; data not shown).
To identify the p130 residues phosphorylated under density arrest conditions, a preparative scale immunoprecipitation was performed. Four hundred 10-cm plates of T98G cells were cultured to a con¯uent state for 7 days in complete medium containing 10% serum (approximately 2610 9 cells). Lysates were prepared and immunoprecipitated with a speci®c polyclonal antibody for p130. Sequence analysis was performed by micro-capillary reverse phase HPLC directly coupled to the nano-electrospray ionization source of an ion trap mass spectrometer (mLC/MS/MS) (Chittum et al., 1998; LeRoy et al., 1998; Wilm et al., 1996) . Tryptic peptides corresponding to approximately half the residues of p130 were identi®ed. One peptide contained a single phosphorylated residue. This tryptic peptide corresponded to residues 948 to 960 with phosphorylation of serine residue 952 (S952) ( Table 1 , peptide 1).
An additional preparative immunoprecipitation was performed with lysates of T98G cells that had been serum starved for 4 days. Phosphorylation of residue S952 (Table 1 , peptide 1) was again noted as well as several additional phosphorylated residues, including S639 (peptide 5), S966 (peptide 4) and T986 (peptide 2). Notably, the peptide corresponding to residues 971 to 989 was identi®ed as both a mono-phosphorylated peptide (peptide 2) as well as a triple-phosphorylated peptide (peptide 3). Phosphorylation of residue T986 was observed in peptides 2 and 3. In addition to T986, phosphorylation of residue S981 or S982 and residue S971, S972, S973 or T974 was detected in the triplephosphorylated peptide 3. Although there was clear evidence for three phosphorylated residues in peptide 971-989, a de®nitive assignment of the second and third phosphorylated residues could not be made. Thus, under serum starved conditions, we observed 6 phosphorylated residues in p130. One additional 1 and 2) or an irrelevant antibody (lane 3) were separated in a SDS-polyacrylamide gel and transferred to PVDF membrane before autoradiography. (c) Radiolabeled p130 forms 1, 2 and 3 were excised from PVDF membrane (1B) and incubated in concentrated HC1 for 1 h at 1008C. Samples were lyophilized and dissolved in 2.5% formic acid and 7.8% glacial acetic acid (pH 1.9) (Boyle et al., 1991; van der Geer and Hunter, 1994) . A mixture of non-labeled phosphoamino acids (Sigma) was added to the samples and spotted onto cellulose-coated TLC plates (EM Parker). Electrophoretic separation was performed in a Hunter Thin-Layer Electrophoresis apparatus (CBS Scienti®c) with pH 1.9 buer in the ®rst direction and pH 3.5. buer in the second (van der Geer and Hunter, 1994) . Dotted circles indicate positions of the nonlabeled phosphoserine (S), phosphothreonine (T) and phosphotyrosine (Y) visualized by ninhydrin staining 
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Preparative scale immunoprecipitation of growth-arrested T98G cell lysate was performed with anti-p130 antibody C-20 (Santa Cruz Biotechnology) followed by separation in a 6% SDS-polyacrylamide gel. The protein band corresponding to p130 was visualized by GelCode Blue reagent (Pierce) and subjected to in-gel trypsin digestion. Sequence analysis was performed at the Harvard Microchemistry Facility by microcapillary reverse-phase HPLC nano-electrospray tandem mass spectrometry on a Finnigan LCQ quadropole ion trap mass spectometer phosphorylation site in p130, serine residue 948, has been previously reported (Hansen et al., 1999) . We were not able to con®rm phosphorylation of this residue under our experimental conditions. As noted in Figure 2a , all but one of the phosphorylated residues of p130 observed in serumstarved cells were clustered within a short co-linear region of p130 extending from residues 934 to 997. This region of p130 is highly conserved among human, mouse and rat p130 but is not present in pRB or p107 from any species. Notably, this region of p130 corresponds to an insertion between residues 745 and 746 of human pRB located within the B box ( Figure  2a ). All three pRB family members share a high degree of homology in the A and B boxes or pocket domain except for this region of p130 where the phosphorylated residues were identi®ed.
Examination of the solved crystal structure of pRB reveals that residues 741 to 751 form a b hairpin containing several acidic residues closely positioned to the LxCxE binding region of pRB . The alignment shown in Figure 2a indicates that p130 shares the b1 segment (residues 930-932) as well as the acidic residues (residues 998-1000) with pRB but residues 934 to 997 of p130 do not share any obvious homology with pRB. Given that residues 934 to 997 of p130 correspond to an additional segment inserted within the b hairpin de®ned by b1 and b2 of pRB, we refer to this unique domain of p130 as the Loop. From our data, as well as previously reported data, the Loop region of p130 contains at least six phosphorylated residues under G0/G1 growth arrest conditions. The only phosphorylated residue observed outside of the Loop region corresponded to S639, located within the Spacer domain between the A and B boxes of p130.
To determine whether phosphorylation of the Loop region contributed to the SDS-polyacrylamide gel migration dierences observed in Figure 1 , several substitution and deletion mutants of p130 were constructed. An epitope-tagged expression construct for wild-type human p130 (HA-p130) and a mutation substituting an alanine residue for the serine at position 952 (HA-S952A) was generated in the pcDNA3 expression vector (Figure 2b) (Vairo et al., 1995) . In addition, a construct deleting residues 935 to 997 corresponding to the entire p130 Loop region was generated (HA-DLoop). Finally, a deletion within the B box of p130 that corresponds to deletion of exon 21 of pRB, a known loss-of-function mutant, was generated (HA-D21) (Bookstein et al., 1990) .
T98G cells were transiently transfected with the HAtagged p130 constructs and lysates were immunoprecipitated with an anti HA-antibody followed by Western blotting with anti-HA and anti-p130 antibodies. As shown in Figure 3a , endogenous p130 as well as HAp130 and the HA-S952A point substitution appeared as a doublet under density arrest conditions in T98G cells. The HA-p130 and HA-S952A doublet collapsed to a single, faster migrating, species when treated with l-phosphatase, con®rming that the gel migration dierences of endogenous p130, HA-p130 and HA-S952A were due to phosphorylation. In contrast, Figure 2 Sequence alignment and phosphorylated residues of p130 Loop region. (a) Fragments of human, mouse and rat p130 and human pRB were aligned using Clustal method. Numbers on top of the alignment correspond to the sequence of human p130. Identical residues are shown on a black background and absent residues indicated by dashes (-). b1 and b2 indicate a b-hairpin identi®ed by X-ray crystallography in pRB . Closed triangles depict phosphorylation sites identi®ed by mLC/MS/ MS with the highest degree of probability; open triangles indicate phosphorylation sites that were identi®ed with lower con®dence (see Table 1 , peptide 3). Asterisks indicate previously reported phosphorylation sites S948 and S952 (Hansen et al., 1999) The HA-D21 construct also appeared as a single band, suggesting that phosphorylation of p130 in T98G cells was dependent on an intact pocket domain.
Unlike T98G cells, the human osteosarcoma cell line U-2 OS does not undergo a density arrest when con¯uent and does not signi®cantly change its cell cycle pro®le when serum-starved (data not shown). When the epitope-tagged versions of p130 were transiently expressed in U-2 OS, we observed that HA-p130 appeared as several bands consistent with the appearance of forms 1, 2 and 3 (Figure 3b) . Similarly, HA-DLoop appeared as several bands when expressed in U-2 OS cells, suggesting that HA-DLoop was capable of becoming hyperphosphorylated under proliferating conditions. Notably, we observed no dierences in the protein stability of HA-DLoop or HA-S952A compared to HA-p130 in T98G or U-2 OS cells (data not shown).
At least one important function of the pRB family is to regulate entry into the cell cycle. Each of the pRB related proteins can bind to speci®c members of the E2F transcription factor family and repress the cell cycle dependent expression of several genes essential for entry into S phase (Dyson, 1998) . Notably, p130 preferentially binds to E2F-4 and E2F-5, while pRB binds to E2F-1, E2F-2, E2F-3 as well as E2F-4. Binding to E2F is required for the growth arrest activity induced by transient overexpression of pRB, p107 or p130 in certain types that lack a functional RB gene such as Saos-2 (Claudio et al., 1994; Hinds et al., 1992; Shew et al., 1990; Zhu et al., 1993) . The pocket protein-E2F binding preferences may be re¯ected in the observation that overexpression of E2F-4 was more eective at overriding a growth arrest induced by p130 while E2F-1 overexpression was more eective in overriding a pRB-induced growth arrest (Hoshikawa et al., 1998; Vairo et al., 1995) .
To determine whether the Loop region was required for E2F-4 binding by p130, T98G cells were transiently transfected with wild type p130 or selected mutant derivatives. Immunoprecipitations were performed with an anti-HA antibody followed by Western blotting for HA-p130 and endogenous E2F-4. As shown in Figure  3c , wild type p130 (HA-p130) as well as HA-DLoop were capable of co-precipitating E2F-4. In contrast, the B-box mutant HA-D21 was unable to co-precipate E2F-4.
Given that association of SV40 large T antigen with pRB is dependent upon an intact pocket domain, we tested for the ability of HA-DLoop and HA-D21 to bind to large T antigen. Similar to the results observed with E2F4, both wild type and HA-DLoop were capable of binding to SV40 large T antigen, while HA-D21 was unable to bind to T antigen (data not shown). These results suggest that the Loop region of p130 was not required for binding to E2F-4 or to SV40 large T antigen and that deletion of the Loop region did not disrupt the structure of the pocket domain.
To test whether the Loop region was required for p130 mediated growth arrest in Saos-2 cells, a modi®ed version of the growth arrest analysis was performed (Hinds et al., 1992) . The proliferation marker, Ki-67, is expressed in proliferating but not growth-arrested cells (Schluter et al., 1993; Starborg et al., 1996) . We have observed that in subcon¯uent Saos-2 cells, more than 80% of the cells expressed Ki-67. In contrast, when HA-p130 was transiently expressed in Saos-2 cells, approximately 20% of the transfected cells expressed detectable levels of Ki-67, suggesting that the cells had undergone growth arrest (Figure 4) . In contrast, when HA-D21 was expressed, most cells continued to express Ki-67 at levels similar to the control. The HA-DLoop construct induced a growth arrest as eciently as wild type p130, i.e. approximately 80% of the HA-DLoop expressing cells failed to express Ki-67. These results strongly suggest that an intact Loop region was not required for p130 to induce a growth arrest in Saos-2 cells.
Given that deletion of the Loop region did not disrupt the ability of p130 to bind to E2F-4 and to inhibit growth of Saos-2 cells, its contribution to p130 function is not certain. The pRB family shares several functions, including the ability to bind to LxCxE containing viral oncoproteins and the ability to bind to members of the E2F family. Since the p130 Loop region is not shared with other members of the pRB family, it is perhaps not surprising that deletion of the Loop region (HA-DLoop) did not disrupt binding to LxCxE containing proteins or to E2F-4.
The Loop region and its speci®c growth arrest phosphorylation may contribute to the unique functions reported for p130. For example, p130 is the predominant pRB family member present in an E2F DNA binding assay in cell lysates prepared from G0 cells (Moberg et al., 1996; Smith et al., 1996; Vairo et al., 1995) . p130 speci®cally associates with E2F-4 during G0/early G1 and may serve to repress E2F dependent genes during growth arrest (Furukawa et al., 1999) . While p130 may serve as a global E2F-dependent repressor during the G0/early G1 phase of the cell cycle, it may also regulate a separate subset of E2F dependent gene expression.
There is evidence that pRB and p130 may regulate a subset of E2F dependent genes. Northern blots prepared from mouse embryo ®broblasts derived from RB7/7 strains revealed that cyclin E and p107 were overexpressed under serum-starved conditions, suggesting that they were speci®cally regulated by pRB. In contrast, expression of several genes, including B-myb, cdc2, E2F-1, thymidylate synthase, ribonucleotide reductase M2 and cyclin A2, but not cyclin E and p107, was derepressed in serum starved ®broblasts from mouse embryos deleted for both alleles of p107 and p130 (Hurford et al., 1997) . Therefore, it is an intriguing possibility that the Loop region may contribute to the transcriptional regulation of a subset of E2F-dependent genes. Alternatively, the Loop region may render p130 sensitive to TGF-b1 and interferon-a signaling (Furukawa et al., 1999; Herzinger et al., 1995; Thomas et al., 1998) .
Structural dierences between p130 and pRB may regulate binding to speci®c, LxCxE-containing, binding proteins. Given that the b-hairpin of pRB is closely situated to the LxCxE binding region , the Loop region of p130 may also be in a position to interact with certain LxCxE-containing proteins when bound to p130. Several cellular LxCxE-containing proteins that bind speci®cally to p130 have been identi®ed. p130 has been shown to speci®cally recruit the LxCxE-containing CtIP corepressor to E2F-dependent promoters (Meloni et al., 1999) . Another LxCxE-containing transcriptional repressor, HBP1, can bind to both pRB and p130 and may serve to promote dierentiation and cell cycle arrest (Tevosian et al., 1997) . A third LxCxE-containing cofactor, RBP1/ RBAP2, can associate with p130-E2F-4 complexes during growth arrest and may recruit histone deacetylase to the complex (Lai et al., 1999a,b) . The Loop region and its speci®c phosphorylation could aect the interaction of p130 with any of these LxCxE-containing proteins.
The identity of the kinases responsible for phosphorylating p130 under growth arrest conditions is not known. Notably several of the phosphorylated serine and threonine residues are immediately followed by a proline residue (S639, S952, S966 and T986), suggesting the possible role of cdk or MAP kinases. However, the growth arrest phosphorylation of p130 occurs under serum-starved or density arrest conditions when cyclin D/cdk4 is not active (Mayol et al., 1995 (Mayol et al., , 1996 . Similarly, MAP kinases are activated upon serum stimulation and not under serum-starved conditions. It would be expected that the kinases responsible for phosphorylating the Loop region would be active in G0.
Given that the pRB family appears to play an important role in cell cycle regulation, it is imperative that we fully understand the activity of this family during growth arrest conditions. Identi®cation of speci®c phosphorylation sites within p130 marks an important step in our understanding of G0 and how p130 may contribute to the establishment or maintenance of exit from the cell cycle. Our laboratory is continuing to study the contribution of the Loop domain to p130 function and the speci®c kinases that phosphorylate p130 during growth arrest conditions. Figure 4 Ki-67 growth arrest assay in Saos-2 cells. Saos-2 cells cultured on glass cover slips were transfected with HA-p130, HAp130 mutant constructs or GFP. Seventy-two hours posttransfection, cells were ®xed with 4% paraformaldehyde in PBS for 30 min then permeabilized with 0.5% Triton X-100/PBS for 20 min. The specimens were double stained using anti-HA rabbit polyclonal antibody (Y-11) and anti-Ki-67 mouse monoclonal antibody (7B11; Zymed). Anti-rabbit IgG conjugated to Cy-2 (Jackson ImmunoResearch Laboratories) and anti-mouse IgG conjugated to Alexa Fluor 546 (Molecular Probes) were used as secondary antibodies. The expression of Ki-67 was analysed and scored in the cells expressing p130. Growth arrest activity of each mutant was expressed as a per cent ratio of Ki-67 negative cells to the total number of transfected cells counted in the experiment. More than 150 transfected cells were scored in each experiment and the results of three independent experiments were averaged
